We assessed the maximum tolerated regimen (MTR) and dose-limiting toxicities of pazopanib and lapatinib in combination with weekly paclitaxel, and the effect of pazopanib and lapatinib on paclitaxel pharmacokinetics.
Inhibition of both the vascular endothelial growth factor receptor and epidermal growth factor receptor (EGFR) signalling pathways in the treatment of solid tumours represents an important strategy in potentially overcoming resistance to single-agent therapies (Rubin and Duensing, 2006) . Preclinical evidence shows that dual blockade of these receptors in several animal models for breast, lung, colon, and pancreatic cancer results in synergistic inhibition of tumour growth (Olaussen et al, 2009) .
Pazopanib is an orally active, potent, selective small-molecule tyrosine kinase inhibitor of vascular endothelial growth factor receptor-1, -2, and -3, platelet-derived growth factor receptor-a and -b, and c-Kit (Harris et al, 2008) . Pazopanib is approved for patients with metastatic renal cell carcinoma and advanced soft tissue sarcoma previously treated with chemotherapy (Sternberg et al, 2010; van der Graaf et al, 2012) . Lapatinib is a reversible, dual inhibitor of human epidermal growth factor receptor type 2 (HER2) and EGFR, and has been shown to inhibit tumour growth and/or induce apoptosis in EGFR-and HER2-dependent tumour cell lines and xenografts (Konecny et al, 2006) . Lapatinib is currently approved for patients with HER2-positive metastatic breast cancer in combination with capecitabine after prior therapy with anthracycline, taxane, and trastuzumab (Geyer et al, 2006) . Lapatinib also is approved with letrozole in postmenopausal women with HER2-positive advanced breast cancer where endocrine therapy is indicated (Johnston et al, 2009) . Paclitaxel is a microtubule inhibitor that has demonstrated activity in a variety of solid tumours. Paclitaxel given at low doses and frequent intervals has purported antiangiogenic effects and when combined with angiogenesis inhibitors, may enhance anticancer activity (Lau et al, 2004; Shaked et al, 2008) . The addition of an angiogenesis inhibitor to paclitaxel-based therapy has demonstrated benefit in the treatment of several solid tumours, including non-small cell lung cancer (Sandler et al, 2006) . We have previously shown that paclitaxel at 80 mg m À 2 on days 1, 8, and 15 every 28 days can be safely combined with pazopanib at a daily dose of 800 mg (Tan et al, 2010) .
Previous evaluation of the feasibility of combining pazopanib and lapatinib in a phase I study supports a recommended phase II dosing of pazopanib 800 mg and lapatinib 1500 mg daily (de Jonge et al, 2013) . Investigators also reported an increase in the area under the plasma concentration-time curve (AUC) and maximum observed plasma concentration (C max ) of pazopanib at these dose levels relative to administration of pazopanib alone, but not at pazopanib 400 mg and lapatinib 1000 mg. Clinical activity has been demonstrated with combined inhibition of the VEGF and EGF receptors in the treatment of several malignancies, including metastatic breast cancer. Lower doses of the combination were used in these phase II studies. A randomised phase II study of pazopanib 400 mg and lapatinib 1000 mg (n ¼ 77) compared with lapatinib 1500 mg (n ¼ 73) was conducted in patients with HER2-positive metastatic breast cancer as first-line therapy . The combination improved the week-12 response rate to 36.2% compared with 22.2% for single-agent lapatinib in the modified intent-to-treat population. The activity of pazopanib and lapatinib has also been evaluated in a phase II trial in which patients with relapsed HER2-positive inflammatory breast cancer were randomised to pazopanib alone, lapatinib alone, or pazopanib and lapatinib. The overall response rates were 31%, 47%, and 58%, respectively, demonstrating that the pazopanib-lapatinib combination had improved activity compared with either single agent (Cristofanilli et al, 2013) . In addition, the results of a phase II trial, AVANTHER, evaluated the combination of weekly paclitaxel and dual targeting of HER2 and VEGF with trastuzumab and bevacizumab as preoperative therapy in patients with HER2-positive Stage II or III breast cancer, followed by surgery and then adjuvant anthracycline and cyclophosphamide followed by trastuzumab. The pathologic complete-response rate in evaluable patients for whom surgical information was known was 44% (16 out of 36), which is indicative of favourable activity (Abad et al, 2012) .
Given the preclinical and clinical data suggesting improved efficacy with coadministration of antiangiogenic agents and anti-EGFR agents due to cross-talk between vascular endothelial growth factor receptor and EGFR pathways, the safety of adding this combination to a commonly used chemotherapy backbone of weekly paclitaxel was explored. The objectives of this phase I trial were to determine the maximum tolerated regimen (MTR) and dose-limiting toxicities (DLTs) of pazopanib and lapatinib in combination with weekly paclitaxel, and to assess the effect of pazopanib and lapatinib on the pharmacokinetics of paclitaxel.
PATIENTS AND METHODS
Trial design. This was a phase I study (ClinicalTrials.gov identifier NCT00388076) to evaluate the safety, tolerability, and pharmacokinetic interactions of paclitaxel given on days 1, 8, and 15 of a 28-day cycle with pazopanib and lapatinib administered daily, conducted at three centres. The starting dose level of paclitaxel, pazopanib, and lapatinib was 50 mg m À 2 , 400 mg, and 1000 mg, respectively. These starting doses of pazopanib and lapatinib were chosen because a previous phase I study showed no drug-drug interaction between pazopanib and lapatinib at this level (de Jonge et al, 2013) . Paclitaxel and pazopanib were escalated to a maximum of 80 mg m À 2 and 800 mg per day, respectively, whereas lapatinib was maintained at 1000 mg per day for subsequent groups. At least three patients were enrolled at each dose level. If no DLTs were observed, escalation to the next dose level occurred. If one patient experienced a DLT, three additional patients were enrolled at that level. The dose of pazopanib or paclitaxel was escalated until the MTR was achieved. The MTR was defined as the highest dose at which no more than one in six patients experienced a DLT. Intrapatient dose escalation was not permitted. Once the MTR was established, up to nine additional patients were enrolled in an expansion phase to better evaluate the pharmacokinetics, safety, and tolerability of the combination at that dose level.
Adverse events were graded according to National Cancer Institute Common Terminology Criteria for Adverse Events, version 3.0. Dose-limiting toxicity was defined as any of the following events during cycle 1: grade 3 or 4 febrile neutropenia; grade 4 thrombocytopenia; grade 4 neutropenia more than 5 days; grade 4 hypertension or grade 3 hypertension that was not controlled with up to two antihypertensive medications; grade 4 proteinuria or grade 3 proteinuria persisting more than 3 weeks without improvement after discontinuation of pazopanib; inability to begin the next course of treatment within 2 weeks because of unresolved toxicity; any clinically significant grade 3 or 4 nonhematologic toxicity; or any grade 2 toxicity that was considered a DLT by the investigators.
Eligibility criteria. Eligible patients were 18 years of age or older with a histologic or cytologic diagnosis of cancer; an Eastern Cooperative Oncology Group performance status of 0 or 1; and adequate haematologic and organ function defined as an absolute neutrophil count X2000 mm 3 , platelet count X100 000 mm 3 , haemoglobin X9 g dl À 1 , coagulation (prothrombin time, partial thromboplastin time, and international normalised ratio) p1.2 Â the upper limit of normal, calculated creatinine clearance 460 ml min À 1 , urine protein:creatinine ratio p1, bilirubin p1.5 Â upper limit of normal, and aspartate and alanine aminotransferases (AST and ALT) p2 Â upper limit of normal. Major exclusion criteria included 43 prior lines of chemotherapy for metastatic disease, poorly controlled hypertension (systolic blood pressure X140 mmHg or diastolic blood pressure X90 mmHg), QTc interval X470 msec, grade X2 neuropathy, arterial or venous thrombi within 3 months or bleeding within 6 weeks of study entry, and any conditions affecting gastrointestinal absorption. Ethical approvals were obtained and the study protocol was approved by the institutional review board of each participating center. The trial was conducted in accordance with good clinical practice and the principles of the Declaration of Helsinki. All patients provided written informed consent before receiving treatment.
Treatment. Paclitaxel was commercially available and given intravenously as a 1-h infusion on days 1, 8, and 15 of a 28-day cycle after administration of pazopanib and lapatinib. Premedications for paclitaxel consisted of dexamethasone 10 mg or methylprednisolone 50 mg, diphenhydramine 50 mg, and ranitidine 50 mg, given per institutional policy. Pazopanib was supplied by GlaxoSmithKline (Research Triangle Park, NC, USA) as 200-mg and 400-mg capsule-shaped tablets. Lapatinib was also supplied by GlaxoSmithKline as 250-mg tablets. Both pazopanib and lapatinib were given orally once daily at least 1 h before or 2 h after a meal.
Assessments. At the beginning of each cycle, patients underwent a history and physical examination and laboratory assessments, including haematology, clinical chemistry, thyroid function tests, amylase, lipase, urine protein:creatinine ratio, and an electrocardiogram. On days 8 and 15 of each cycle, haematology and clinical chemistry were also assessed. Multigated acquisition scan or echocardiogram was obtained before treatment and before evennumbered cycles. Monitoring of thyroid function, amylase, and lipase occurred on day 1 of even-numbered cycles. Imaging was obtained every 8 weeks and response assessed using the Response Evaluation Criteria in Solid Tumours (RECIST) guidelines version 1.0 (Therasse et al, 2000) .
Pharmacokinetic sampling, assay, and analysis. During cycle 1, blood samples for the analysis of paclitaxel were obtained before treatment and at 0.5, 1 (end of infusion), 1.5, 2, 2.5, 3, 4, 5, 6, 8, 10 , and 24 h after the start of the infusion on days 1 and 15 (pazopanib and lapatinib were withheld on day 1). Also during cycle 1, blood samples were collected to determine plasma pazopanib and lapatinib concentrations before dosing and at 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, and 24 h post dosing on day 15. High-performance liquid chromatography and tandem mass spectrometry were used to quantify the plasma concentrations of paclitaxel, pazopanib, and lapatinib. Paclitaxel was extracted from 0.1 ml of plasma by a liquid-liquid technique, with a lower limit of quantitation of 2 ng ml À 1 . Pazopanib and lapatinib were extracted from plasma by a liquid-liquid method; validated concentration ranges were 100-50 000 ng ml À 1 for pazopanib and 5-5000 ng ml À 1 for lapatinib.
Analysis of pharmacokinetic parameters included C max , AUC from time of dosing to last time of measurable concentration (AUC 0-t ) or extrapolated to infinity (AUC 0-N ), systemic clearance, apparent volume of distribution (V ss ), and terminal half-life (t 1/2 ) of paclitaxel when administered alone and in combination with pazopanib and lapatinib, and AUC 0-t , AUC from time of dose to 24 h (AUC 0-24 ), and C max of pazopanib and lapatinib when administered with other study drugs. Pharmacokinetic parameters were analysed by standard noncompartmental analysis using WinNonlin Pro version 4.1 or higher (Pharsight Corporation, Mountain View, CA, USA). The effect of pazopanib and lapatinib on the pharmacokinetics of paclitaxel was tested statistically by performing an analysis of variance on data from patients at the MTR.
RESULTS
Patient Characteristics. A total of 26 patients were enrolled between July 2007 and April 2009 ( Table 1 ). The most common tumour types were biliary tract cancer (23%), non-small cell lung cancer (12%), and salivary gland cancer (12%). Approximately 50% of the patients had received less than two lines of previous chemotherapy. No patients are currently on study. Nine patients had received prior taxane therapy (either paclitaxel or docetaxel).
Dose escalation and dose-limiting toxicity. The starting dose level for paclitaxel, pazopanib, and lapatinib was 50 mg m À 2 , 400 mg per day, and 1000 mg per day, respectively (Table 2) . Paclitaxel starting doses were selected so that the expected systemic exposure of paclitaxel at the selected dose level would not exceed 115% of the predicted exposure at 100 mg m À 2 . One of the initial three patients experienced a DLT of grade 3 elevation in ALT and AST, which led to a 2-week delay in starting cycle 2. Dose level 1 was expanded, and none of the additional evaluable patients had a DLT. One patient was not evaluable for DLT because a prohibited medication had been taken; this patient was withdrawn from the study and replaced. Because one of six evaluable patients at dose level 1 experienced a DLT, enrollment escalated to dose level 2, in which the pazopanib dose was increased and the paclitaxel dose was maintained. Three patients were treated with paclitaxel 50 mg m À 2 , pazopanib 800 mg per day, and lapatinib 1000 mg per day. There were no DLTs during the first cycle. At dose level 3, the paclitaxel dose was increased to 80 mg m À 1 , and pazopanib and lapatinib were maintained at 800 mg per day and 1000 mg per day, respectively. Two of the three patients experienced DLTs of grade 4 neutropenia and grade 3 fatigue. It was deemed useful to evaluate the three-drug combination with a lower dose of pazopanib at 400 mg in dose level 4. The first three evaluable patients at dose level 4 were treated with paclitaxel 80 mg m À 2 , pazopanib 400 mg per day, and lapatinib 1000 mg per day, and completed cycle 1 with no DLTs. Given the toxicities observed at dose level 3, it was decided to enroll additional patients at dose level 4 to further assess the tolerability. Among the nine evaluable patients, there were two DLTs, including one patient with grade 4 thrombosis and another patient with elevations of ALT (grade 2) and AST (grade 3) that delayed the start of cycle 2 by more than 2 weeks. There was one non-evaluable patient for whom a replacement was needed at dose level 4. Overall, two of the twelve evaluable patients experienced a DLT, and given these findings, the MTR was determined to be paclitaxel 80 mg m À 2 on days 1, 8, and 15 every 28 days with pazopanib 400 mg per day and lapatinib 1000 mg per day.
Toxicities. The most common treatment-related adverse events (all grades) were diarrhoea (54%), fatigue (50%), neutropenia (50%), nausea (38%), and anorexia (35%) across all 4 dose levels ( Table 3 ). The majority of toxicities were grade 1 or 2. The most common treatment-related toxicities at the MTR (dose level 4) were diarrhoea (69%), fatigue (46%), nausea (31%), and anorexia (31%). Twenty patients (77%) experienced adverse events leading to dose interruption of study drugs after cycle 1. The most common reasons were neutropenia (23%), increased ALT and AST (12% each), nausea (12%), and diarrhoea (12%). Two patients at the MTR experienced diarrhoea that led to an interruption in study drug dosing. Elevations in liver function tests, including AST, ALT, bilirubin, and alkaline phosphatase, were reported (Table 3 ). There were no grade 4 hepatobiliary events. Five patients experienced at least one hepatobiliary event that led to an interruption of dosing. Two patients had to discontinue study drugs and withdraw from study due to grade 2 AST/ALT elevation and grade 2 hyperbilirubinemia that were thought to be related to treatment. The most common cardiovascular toxicity was hypertension. Sixteen patients had baseline hypertension. Six of these patients required additional antihypertensive agents and five patients required dose adjustments of their antihypertensive medications. One patient had grade 3 hypertension at the MTR. There were no episodes of significant QTc prolongation, which was defined as 4500 msec. There was an occurrence of grade 3 large-intestine perforation that was considered treatment-related. There were no major haemorrhagic events that were thought to be related to the study regimen. One grade 4 thrombosis occurred at dose level 4. One grade 2 hypothyroidism occurred at dose level 2. No proteinuria was reported during the study. Grade 4 haematologic toxicity consisted mostly of neutropenia and thrombocytopenia. At dose level 3, one patient experienced both grade 4 neutropenia and grade 4 thrombocytopenia. At dose level 4, grade 4 neutropenia occurred in two patients. Four deaths occurred during the study, after treatment was discontinued. These deaths were not considered study-related, but due to the underlying disease.
Pharmacokinetics. Plasma samples for analysis of the pharmacokinetics of paclitaxel in the presence and absence of pazopanib and lapatinib at the MTR were obtained on day 1 (n ¼ 11) and on day 15 (n ¼ 9). Systemic exposure to pazopanib did not increase in a dose-proportional fashion. A two-fold increase in pazopanib dose (400-800 mg per day) resulted in a less than two-fold increase in mean AUC 0-24 and mean C max (Table 4) . Increasing the paclitaxel dose from 50-80 mg m À 2 had little effect on the observed AUC 0-24 and C max of pazopanib. The daily lapatinib dose (1000 mg) did not change during the study; plasma lapatinib concentrations were measured to determine if changes in dosing of other study drugs altered its pharmacokinetic parameters. For patients receiving paclitaxel 50 mg m À 2 , doubling the pazopanib dose led to a 2.6-fold increase in AUC 0-24 and a 2.9-fold increase in the C max of lapatinib. For patients receiving pazopanib 400 mg, increasing paclitaxel from 50 to 80 mg m À 2 led to increases in the AUC 0-24 and C max of lapatinib (1.4-and 1.5-fold, respectively). However, for the one evaluable patient at the highest dosing level (paclitaxel 80 mg m À 2 , pazopanib 800 mg, and lapatinib 1000 mg), AUC 0-24 and C max values of lapatinib were lower than the mean values recorded for all other dose levels.
Pharmacokinetic parameters for paclitaxel on days 1 and 15 are reported in Table 5 . At all dose levels where mean or median values were available, paclitaxel clearance was lower on day 15 of cycle 1 than on day 1; AUC 0-N and C max were higher on day 15. At the MTR of pazopanib 400 mg, lapatinib 1000 mg, and paclitaxel 80 mg m À 2 , median C max (Figure 1 ) and AUC 0-24 of paclitaxel were higher on day 15 than on day 1. Statistical analysis revealed that coadministration of pazopanib and lapatinib with paclitaxel at the MTR resulted in a 38% higher geometric least-squares mean C max of paclitaxel than with administration of paclitaxel alone (C max ratio (90% confidence interval): 1.38 (1.19, 1.59)).
Efficacy. One partial response was reported in a patient with salivary gland tumour who had received prior therapy with paclitaxel and carboplatin and who received 10 cycles of study treatment at dose level 2. This patient achieved a partial response after 3 cycles of treatment. Nine patients had stable disease, with three patients experiencing disease stabilisation for 6 months or more; the tumour types included oesophageal cancer (treated at dose level 1), cholangiocarcinoma (treated at dose level 4), and adenocarcinoma of unknown primary (treated at dose level 1). Among these three patients, only the patient with adenocarcinoma of unknown primary had prior taxane therapy with paclitaxel. There were two breast cancer patients, one with a triple negative tumour and the other with HER2-positive disease; neither patient experienced a response.
DISCUSSION
In this phase I study, we sought to determine the MTR of the combination of weekly paclitaxel with two biologically targeted Individual data values are provided. agents, pazopanib and lapatinib. Pazopanib 400 mg and lapatinib 1000 mg were chosen as reasonable starting doses for dose level 1, with the understanding that pazopanib and lapatinib, both CYP3A4 inhibitors, would result in increased exposure to paclitaxel, a CYP3A4 substrate. In addition, the previously reported phase I study of pazopanib and lapatinib determined the recommended phase II dose of pazopanib to be 800 mg and of lapatinib to be 1500 mg. This study did not detect any drug-drug interactions between either compound at pazopanib 400 mg and lapatinib 1000 mg, supporting the starting doses for dose level 1 (de Jonge et al, 2013) . We determined the MTR to be paclitaxel 80 mg m À 2 on days 1, 8, and 15 every 28 days with pazopanib 400 mg per day and lapatinib 1000 mg per day. This includes a lower pazopanib dose than the approved 800 mg per day monotherapy dose and a lower lapatinib dose than that used in the monotherapy phase II studies, but a clinically acceptable dose of weekly paclitaxel. Our previous phase I study of pazopanib in combination with paclitaxel reported a 36% increase in the C max of paclitaxel and a 26% increase in the geometric mean AUC relative to administration of paclitaxel alone (Tan et al, 2010) . Our current study results show that with the addition of lapatinib, concomitant administration of paclitaxel and pazopanib at the MTR resulted in an approximately 38% increase in the geometric least-squares mean paclitaxel C max and an approximately 37% increase in the geometric mean paclitaxel AUC, relative to administration of paclitaxel 80 mg m À 2 alone. The increase in paclitaxel AUC and C max was less than two-fold in the presence of pazopanib and lapatinib, indicating that both are weak inhibitors of CYP3A4 and CYP2C8. As expected, an increase in the paclitaxel dose had no apparent effect on the pharmacokinetics of pazopanib. An increase in the pazopanib dose from 400 mg per day to 800 mg per day led to an increase in C max and exposure of lapatinib in patients receiving paclitaxel 50 mg m À 2 . Because paclitaxel 80 mg m À 2 with pazopanib 800 mg achieved higher systemic exposure of paclitaxel compared with paclitaxel administered alone, consideration could have been given to evaluating an intermediate dose of paclitaxel between 50 mg m À 2 and 80 mg m À 2 , such as paclitaxel 60 mg m À 2 , with pazopanib 800 mg per day and lapatinib 1000 mg per day, but an intermediate dose was not evaluated. Real-time pharmacokinetic analysis of paclitaxel after patients completed the first cycle of treatment may have been able to guide the protocol-dosing levels.
The most common adverse events with the three-drug combination were diarrhoea, neutropenia, fatigue, nausea, and anorexia. This is consistent with the toxicity profile of each agent alone. The majority of the most common nonhematologic toxicities was grade p2, whereas the majority of neutropenia events was grade X3. Overall, the frequency of neutropenia (all grades) in this study was 50%, higher than that reported for weekly paclitaxel plus pazopanib (23%) (Tan et al, 2010) . This may be attributed to the increase in systemic exposure of paclitaxel relative to the administration of paclitaxel alone after concomitant administration of pazopanib and lapatinib as shown by our pharmacokinetic results. Also, the rate of grade 3 drug-related Abbreviations: AUC (0-N) ¼ area under the concentration-time curve extrapolated to infinity; CL ¼ systemic clearance; Cmax ¼ maximum observed concentration; t1/2 ¼ terminal half-life. a For n ¼ 1 or 2, individual data values are listed; for n ¼ 3, data are reported as median (range); for n X4, data are reported as geometric mean (95% confidence interval). , pazopanib 400 mg, and lapatinib 1000 mg).
neutropenia at the MTR (4 of 13 patients, 31%) was higher than that reported in a previous phase I trial of lapatinib 1500 mg per day and paclitaxel 80 mg m À 2 weekly (1 of 12 patients, 8%); however, the rate of grade 3 drug-related diarrhoea at the MTR in this trial (2 of 13 patients, 15%) was three-fold lower than that reported in the previous trial (6 of 12 patients, 50%) (Jones et al, 2004; Crown et al, 2007) . This finding suggests that the lower lapatinib dose of 1000 mg per day in the MTR may be associated with a lower frequency of diarrhoea.
This triplet combination is most clinically relevant in the treatment of patients with HER2-positive metastatic breast cancer. Preclinical data demonstrate that increased expression of VEGF is associated with HER2 overexpression and is a downstream target of the HER2-signalling pathway, which supports combining the inhibition of HER2 and VEGF in the treatment of HER2-positive breast cancers (Konecny et al, 2004) . Only two breast cancer patients were enrolled in our trial and only one patient was HER2-positive; thus, the number of breast cancer patients is too small to draw any conclusion about the antitumor activity of this regimen.
In summary, the concurrent administration of pazopanib and lapatinib with paclitaxel caused an increase in the paclitaxel AUC and C max , which may explain in part the higher rate of neutropenia than has been demonstrated with paclitaxel-pazopanib and paclitaxel-lapatinib combinations. However, weekly paclitaxel on days 1, 8, and 15 every 28 days in combination with pazopanib 400 mg and lapatinib 1000 mg once daily can be given safely. Targeting the VEGF, EGF, and HER2 receptors simultaneously with chemotherapy needs further exploration to determine the specific tumour types for which patients might derive improved therapeutic benefit.
